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In order to estimate the hazard to technological systems due to geomagnetically induced currents (GIC), it is
crucial to understand the response of the geoelectric ﬁeld to a geomagnetic disturbance and to provide quantitative
estimates of this ﬁeld. Most previous studies on GIC and the geoelectric ﬁeld generated during a geomagnetic
storm assume a 1-D conductivity structure of Earth. This assumption however is invalid in coastal regions, where
the lateral conductivity contrast is large. In this paper, we investigate the global spatio-temporal pattern of the
surface geoelectric ﬁeld induced by a typical major geomagnetic storm in a conductivity model of Earth with
realistic laterally-heterogeneous oceans and continents. Exploiting this model makes the problem fully 3-D. Data
from worldwide distributed magnetic observatories are used to construct a realistic model of the magnetospheric
source. The results of our numerical studies show large ampliﬁcation of the geoelectric ﬁeld in many coastal
regions. Peak amplitudes obtained with 3-D modelling exceed the amplitudes obtained in a 1-D model by at least
a factor 2, even if the latter makes use of the local vertical conductivity structure. Lithosphere resistivity is a
critical parameter, which governs both amplitude and penetration width of the anomalous electric ﬁeld inland.
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1. Introduction
Eruptions at Sun’s surface (coronal mass ejections) blow
large quantities of charged particles into space. The parti-
cle streams interact with Earth’s magnetic ﬁeld, intensifying
the westward directed magnetospheric ring current (Love,
2008). This phenomenon, leading to substantial temporal
variations of the geomagnetic ﬁeld, is known as geomag-
netic storm. According to Faraday’s law of induction, the
ﬂuctuating geomagnetic ﬁeld in turn generates an electric
ﬁeld and induces currents in Earth and grounded conducting
networks, such as power grids and pipelines (Pirjola, 2000).
These geomagnetically induced currents (GIC) can lead to
severe damages of the power network, as happened, for ex-
ample, 1989 in Quebec (Kappenman et al., 1997). Under-
standing the properties of the geoelectric ﬁeld is a key con-
sideration in estimating the hazard to technological systems
from space weather (Pulkkinen et al., 2007).
So far, most studies of the geoelectric ﬁeld in connec-
tion with GIC were performed on a regional or local scale,
considering rather simpliﬁed models of the inducing geo-
magnetic source (see review paper of Thomson et al. (2009)
for more details). In addition, most of the studies (ex-
cept for the works by Beamish et al., 2002; Thomson
et al., 2005 and Gilbert, 2005) employed the assumption
of a one-dimensional (1-D) conductivity structure of Earth.
But it is well-known that the lateral conductivity contrast
is large at ocean-land interfaces, making the 1-D assump-
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tion invalid in many coastal areas. The literature contains
many publications (Parkinson and Jones, 1979; Cox, 1980;
Fainberg, 1980; Rikitake and Honkura, 1985; Kuvshinov,
2008; among others) dealing with the study of the coastal
(ocean) effect. However, these studies mainly concentrate
on either the investigation of Earth’s mantle structure in the
presence of oceans or the inﬂuence of the ocean effect on
the geomagnetic ﬁeld.
In this paper, we discuss a rigorous numerical scheme
that aims to model on a global scale the geoelectric ﬁeld
induced by a geomagnetic storm as close to reality as possi-
ble. Based on this scheme, we investigate the global pattern
of the geoelectric ﬁeld during the main phase of the storm
(when the largest amplitudes are expected), using a conduc-
tivity model of Earth with realistic laterally-heterogeneous
oceans and continents, and exploiting a realistic model of
the magnetospheric source. Note that estimating the geo-
electric ﬁeld during geomagnetic substorms (i.e. when the
auroral currents are intensiﬁed, but not necessarily the ring
current) is out of scope of this study. In Section 4.3 of this
paper, we discuss how our approach could be modiﬁed in
order to estimate the electric ﬁeld induced by geomagnetic
substorms.
The paper is organized as follows. Section 2 describes the
conductivity model and explains the approach to construct
the spatio-temporal model of the magnetospheric source
and to calculate the geoelectric ﬁeld. Section 3 presents the
results of our numerical studies, both in terms of modelled
time series at speciﬁc locations and of modelled snapshots
of the global pattern. Discussion and conclusions are pre-
sented in Section 4.
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2. Methods
For a given impressed source, jext, and a given 3-D con-
ductivity model of Earth, σ(r, ϑ, ϕ), where r , ϑ and ϕ are
distance from Earth’s centre, colatitude and longitude, re-
spectively, it is possible to calculate the time series of the




∇ × B = σE + jext, (1)
∇ × E = −∂B
∂t
, (2)
where μ0 is the magnetic permeability of free space. In
the following, we describe the conductivity model (Section
2.1), explain the construction of the source model (Section
2.2), and outline the scheme to estimate the geoelectric ﬁeld
(Section 2.3).
2.1 Conductivity model
Our model consists of a thin spherical layer of laterally
variable conductance S(ϑ, ϕ) at Earth’s surface and a ra-
dially symmetric (1-D) conductivity structure underneath.
The shell conductance S (Fig. 1(a)) is obtained by consid-
ering contributions both from seawater and sediments. The
conductance of seawater has been taken from Manoj et al.
(2006) and accounts for ocean bathymetry, ocean salinity,
temperature and pressure. Conductance of the sediments
(in continental as well as oceanic regions) is based on the
global sediment thicknesses given by Laske and Masters
(1997) and calculated by a heuristic procedure similar to
that described in Everett et al. (2003). The resolution of the
model is chosen to be 1◦ × 1◦. Note that calculations on a
denser mesh with a resolution of 0.3◦ × 0.3◦ revealed only
negligible differences in the ﬁnal results.
The importance of the underlying conductivity structure
was tested by simulating induction in models with different
1-D sections. Our basic 1-D proﬁle consists of a resistive
lithosphere with a thickness of 100 km and a layered model
underneath, derived from 5 years of CHAMP, Ørsted and
SAC-C magnetic data by Kuvshinov and Olsen (2006). Pre-
vious model studies that aimed to investigate the ocean ef-
fect in Sq and Dst geomagnetic variations (Kuvshinov et al.,
1999) demonstrated that the resistivity of the lithosphere is
a key parameter, which governs the behaviour of the mag-
netic ﬁeld at ocean-land contacts. In order to investigate the
effect of this parameter, lithosphere resistivities of 300 m
and 3000 m were tested. Note that we do not account for
lateral variations in the thickness and resistivity of the litho-
sphere; the reasoning for this is discussed in Section 4.2.
Alternative 1-D sections are based on the study by Baba
et al. (2010). The authors derived models of the 1-D con-
ductivity structure beneath the Philippine Sea and the North
Paciﬁc using sea ﬂoor magnetotelluric data, which are more
sensitive to structures in the upper mantle than satellite data.
Additional computations were performed with 1-D sections
based on the results by Baba et al. (2010), but using a
uniform resistivity for the lithosphere (constituting the up-
per 100 km). These additional models allow to investigate
the importance of the shallow 1-D structure by comparison
with the results obtained in the original structures derived
by Baba et al. (2010) and the importance of the deep 1-D
Fig. 1. Conductivity model. a) Surface conductance map (in S) with a
resolution of 1◦ ×1◦, for calculations scaled to a thickness of 1 km. The
white dots indicate the locations of the magnetic observatories of which
data have been used for the analysis. b) Different 1-D conductivity
sections (in S/m) tested in this study.
structure by comparison with the results obtained in the ba-
sic model. This yields the following six 1-D sections under
consideration:
(a) Model derived by Kuvshinov and Olsen (2006) from
satellite data with lithosphere of 300 m (R = 3 ·
107 m2)
(b) Model derived by Kuvshinov and Olsen (2006) from
satellite data with lithosphere of 3000 m (R = 3 ·
108 m2)
(c) Model derived by Baba et al. (2010) for the Philippine
Sea with lithosphere of 300 m (R = 3 · 107 m2)
(d) Model derived by Baba et al. (2010) for the North
Paciﬁc with lithosphere of 3000 m (R = 3·108 m2)
(e) Model derived by Baba et al. (2010) for the Philippine
Sea (R = 5 · 107 m2)
(f) Model derived by Baba et al. (2010) for the North
Paciﬁc (R = 4 · 108 m2)
Here, R stands for depth-integrated resistivity (transversal
resistance) of the upper 100 km, representing the litho-
sphere. Figure 1(b) shows the 1-D conductivity sections
(b), (e) and (f).
2.2 Derivation of the source model
A major geomagnetic storm, which had its maximum
on November 20, 2003 with amplitudes of about 300 nT
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at Earth’ surface, is used as basis to construct a spatio-
temporal model of the magnetospheric source. We have
selected this storm due to its classical temporal form with
clearly distinguishable main and recovery phases. For a
ten-day time segment starting on November 18, 2003, we
assembled minute mean magnetic data of 72 worldwide
distributed observatories, situated at geomagnetic latitudes
equatorward of ±55◦ (cf. Fig. 1(a)). What follows is an
explanation how we derive the spatio-temporal structure of
the source using these data.
We start with removing the mean value and a linear trend
from the magnetic data. As all subsequent computations are
done in frequency domain, we perform a Fourier transfor-
mation of the horizontal components of the data and obtain
BobsH (ω, r = a, ϑ, ϕ). Here a is Earth’s mean radius and ω is
angular frequency. Frequencies range between the Nyquist
frequency of two minutes and the length of the time seg-
ment, i.e. ten days. Next we estimate the spatial structure




∇ × B = σE + jext, (3)
∇ × E = iωB. (4)
Here time dependence is accounted for by e−iωt . Note that
the dependence of B, E and jext on ω is omitted but implied.
Equation (3) above Earth’s surface (in an insulating atmo-
sphere and outside the source) reads
∇ × B = 0, (5)
allowing the derivation of the magnetic ﬁeld B in this region
from the magnetic potential V ,
B = −∇V . (6)
By using the solenoidal property of the magnetic ﬁeld,
∇ · B = 0, (7)
the potential V satisﬁes Laplace’s equation
V = 0. (8)
The general solution of Eq. (8) can be represented as a sum
of external and internal parts, V = V ext+V int. The external
part is (in spherical coordinates) given by









Ymn (ϑ, ϕ). (9)
Here εmn is a complex-valued function of ω, and the spheri-
cal harmonics are
Ymn (ϑ, ϕ) = P |m|n (cosϑ)eimϕ, (10)
where P |m|n are Schmidt quasi-normalized associated Leg-
endre polynomials. We avoid a discussion on V int, since
it is not relevant for the further development. It is obvious
that the external part of the magnetic ﬁeld (above Earth’s
surface) has the form Bext = −∇V ext.
Now we are equipped to introduce a formula for the
impressed current jext in Eq. (3) in terms of the coefﬁcients
εmn . It reads






















where δ denotes Dirac’s delta function, er , eϑ and eϕ are unit




expression for the double sum in Eq. (9). The impressed
current jext ﬂows in a thin shell at r = b ≥ a and produces
exactly the external magnetic ﬁeld Bext in the region a ≤
r < b. Note that b does not represent the distance from the
centre of the Earth to the actual magnetospheric source; see
Appendix G of Kuvshinov and Semenov (2012) for details.
By letting b approach a inﬁnitesimally, i.e. setting b =












n + 1 er × ∇⊥Y
m
n . (14)
We solve Maxwell’s equations for each jm,unitn , i.e.
1
μ0
∇ × Bm,unitn = σEm,unitn + jm,unitn , (15)
∇ × Em,unitn = iωBm,unitn . (16)
By exploiting the linearity of Maxwell’s equation with re-
spect to the source, we can represent, with the use of
Eq. (13), the horizontal components of B at a ground-based
observatory j as the sum of “unit” magnetic ﬁelds Bm,unitn
scaled by the external coefﬁcients εmn that we want to deter-
mine:





n,H (ω, a, ϑ j , ϕ j ).
(17)
We remark here that we work with horizontal component
only, since they are less inﬂuenced by conductivity hetero-
geneities than the radial component.
Finally we estimate the external coefﬁcients εmn (ω) by
ﬁtting the available data from the global net of observatories
using the system of equations (17). We use an iteratively re-
weighted least squares algorithm (e.g. Aster et al., 2005) to
assure the stability of the solution.
Two comments are relevant at this point. First, note that
the source of geomagnetic storm variations is assumed to
be large-scale (at least at non-polar latitudes), and there-
fore external coefﬁcients of relatively low n and m (≤ 3)
are used to describe its spatial structure. Second, to solve
numerically Maxwell’s equations (15)–(16), i.e. to calcu-
late Bm,unitn and E
m,unit
n at Earth’s surface on a 1
◦ × 1◦ mesh,
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Fig. 2. Source model: Time series of the recovered external coefﬁcients qmn , s
m
n of the expansion of the magnetic potential in terms of spherical
harmonics during the chosen geomagnetic storm (in nT). Days are relative to November 18, 2003. The green line in the ﬁrst plot indicates the
(negative) Dst-index for the considered storm. Note that the mean values of all coefﬁcients (and of Dst) have been removed.
Fig. 3. Time series of observed (black) and calculated (red) magnetic ﬁeld at the observatories in Hermanus/South Africa (HER, left column) and
Lanzhou/China (LZH, right column). The top row shows Bϕ , the bottom row Bϑ (both in nT).
an integral equation approach (Kuvshinov, 2008) is used.
Values of Bm,unitn at observatory locations are obtained by
interpolation of the results obtained on the 1◦ × 1◦ mesh.
An inverse Fourier transformation of the recovered co-
efﬁcients yields their respective time series, which are de-
picted in Fig. 2. Note that in time domain, the depicted ex-
ternal coefﬁcients correspond to an expansion of the mag-
netic potential V (at Earth’s surface) in the conventional
form of cosine and sine functions,




qmn (t) cosmϕ + smn (t) sinmϕ
]
Pmn (ϑ). (18)
As expected, the storm is mainly characterized by the coef-
ﬁcient q01 , apparent from a comparison with the Dst-index
(cf. ﬁrst plot of Fig. 2). The amplitude of the main event
decreases with increasing n and m. The periodic Sq varia-
tions are, on the other hand, well visible in higher degree
harmonics.
The presented scheme was used and veriﬁed before by
Olsen and Kuvshinov (2004). The ﬁt of our least-squares
analysis (Eq. (17)) is shown in Fig. 3 by a comparison
between the observed and calculated horizontal components
of B at two observatories. As expected, the ﬁt at the inland
observatory Lanzhou/China (LZH, distance to the closest
coast 1500 km) is slightly better than the ﬁt at the coastal
observatory Hermanus/South Africa (HER, distance to the
coast <1 km). Note that the red graphs in Fig. 3 were
obtained with model (a).
2.3 Calculation of the electric ﬁeld
Once the external coefﬁcients εmn (ω) are estimated, one
can readily calculate—exploiting again the linearity of
Maxwell’s equations with respect to the source—the elec-
tric ﬁeld at any location on Earth’s surface as





n,H (ω, a, ϑ, ϕ). (19)
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Fig. 4. Modelled time series of Eϕ (left column) and Eϑ (right column, both in mV/km) for the coastal observatory Hermanus/South Africa (HER),
computed in models (a) (top row) and (b) (bottom row). Note that the time series obtained in 1-D models are shifted by constant values for clarity.
A subsequent inverse Fourier transformation yields the time
series of the electric ﬁeld. It is noteworthy that the estima-
tion of the geoelectric ﬁeld for a different storm does not
require a renewed solution of Maxwell’s equation. Only an
estimation of εmn (ω) using Eq. (17) is necessary.
3. Results
3.1 Time series of the electric ﬁeld at observatory loca-
tions
Figures 4 and 5 show the modelled time series of both
horizontal components of E at the coastal observatory Her-
manus (Fig. 4) and the inland observatory Lanzhou (Fig. 5).
Solutions are shown for models (a) and (b), cf. Section 2.1.
The choice of these models will be justiﬁed in Section 3.2.
We make the following observations:
• The electric ﬁeld is subject to high-frequency oscilla-
tions during the geomagnetic storm, a clear peak phase
(as usually observed for the magnetic ﬁeld, cf. Fig. 3)
is in general not recognizable.
• 1-D modelling yields peak amplitudes of about 50
mV/km for both components in LZH. Peak ampli-
tudes in HER are about 50 mV/km for Eϕ and about
20 mV/km for Eϑ . 1-D modelling here implies the use
of the local normal 1-D structure of the 3-D model (in-
cluding the local conductance of the surface shell S,
cf. Fig. 1(a)) and an individual solution of Maxwell’s
equations at each grid point according to the method-
ology ﬁrst presented by Srivastava (1966).
• 3-D modelling increases the amplitudes of both ﬁeld
components by roughly a factor 2 in HER, but has only
minor effects in LZH.
• An increase in lithosphere resistivity from 300 m to
3000 m has virtually no effect for the 1-D modelling
results and only minor effects for the 3-D modelling
results obtained in LZH. However, both ﬁeld compo-
nents obtained with 3-D modelling in HER are ampli-
ﬁed, roughly by a factor 1.5.
3.2 Snapshots of the global pattern of the electric ﬁeld
In order to compare the results obtained in models with
different 1-D sections and thus to examine the inﬂuence of
the conductivity stratiﬁcation, snapshots of the global pat-
tern appear more suitable than time series at selected sites
due to the high-frequency oscillations of the electric ﬁeld.
Snapshots of Eϑ obtained in the six models described in
Section 2.1 are presented in Fig. 6. Note that the number-
ing of the panels coincides with the numbering of the mod-
els in Section 2.1. All snapshots shown in Fig. 6 (and in
subsequent ﬁgures) are taken at 17:00 UTC on November
20, 2003. This is in the build-up phase of the storm, i.e.
prior to the peak magnetic phase.
The results obtained in models (a) and (c) are very sim-
ilar. As both models have the same lithosphere conductiv-
ity, but a different 1-D stratiﬁcation at greater depths, we
conclude that the conductivity structure at depths greater
than 100 km has only minor effects on the ﬁeld pattern.
The same conclusions can be made when comparing the
results obtained in models (b) and (d). The ﬁeld pattern
obtained in model (e) (the original model derived by Baba
et al. (2010) for the Philippine Sea) is similar to those ob-
tained in models (a) and (c), but amplitudes appear to be
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Fig. 5. Modelled time series of Eϕ (left column) and Eϑ (right column, both in mV/km) for the inland observatory Lanzhou/China (LZH), computed
in models (a) (top row) and (b) (bottom row). Note that the time series obtained in 1-D models are shifted by constant values for clarity.
Fig. 6. Snapshots of the latitudinal component of the estimated electric ﬁeld, Eϑ (in mV/km), at 17:00 UTC on November 20, 2003 in six different
conductivity models (a)–(f) (described in Section 2.1).
slightly lower. Similarly, the pattern obtained in model (f)
(the original model derived by Baba et al. (2010) for the
North Paciﬁc) is slightly less pronounced than the patterns
obtained in models (b) and (d), and amplitudes are slightly
lower. We attribute this difference to the increase in con-
ductivity at shallow depths in the models derived by Baba
et al. (2010) (cf. Fig. 1(b)).
A cross-comparison of both rows in Fig. 6 indicates that
stronger and more pronounced ﬁelds are obtained in models
with larger transversal resistance of the lithosphere. As the
differences between the rows are signiﬁcantly larger than
those within each row, we conclude that our basic models
(a) and (b) are good representatives and will thus in the
following concentrate on the results obtained in models (a)
and (b). Note that a comparison of Eϕ in the various models
leads to the same conclusions, as well as the examination of
snapshots at different instants.
We are especially interested in investigating the effects
arising from the laterally non-uniform surface layer S. To
this purpose, we present results in form of the “anomalous”
electric ﬁeld, which is computed as difference between our
3-D modelling results and results obtained in a “local 1-
D” model. Local 1-D modelling here implies the use of
the local normal 1-D structure of the 3-D model (including
the local conductance of the surface shell S) and a solution
of Maxwell’s equations separately performed at each grid
point. Expressions for the (frequency domain) electric ﬁeld
emerging due to induction by a source of our type in 1-D
conductivity models are presented in Appendix H of Ku-
vshinov and Semenov (2012).
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Fig. 7. Snapshots of the modelled anomalous electric ﬁeld (left column: Eϕ , right column: Eϑ , both in mV/km) at 17:00 UTC on November 20, 2003,
computed in models (a) (top row) and (b) (bottom row). The black bars through North America and Australia denote the proﬁles shown in Fig. 8.
Fig. 8. Proﬁles of the modelled anomalous electric ﬁeld (left column: Eϕ , right column: Eϑ , both in mV/km) through North America and Australia
(see also Fig. 7) at 17:00 UTC on November 20, 2003. The black dashed lines mark the coast.
Snapshots of the anomalous Eϑ and Eϕ for the same
instant as in Fig. 6, computed in models (a) and (b), are
presented in Fig. 7. The black latitude-parallel lines through
North America and Australia indicate the proﬁles of electric
ﬁeld versus longitude that are drawn in Fig. 8. We make the
following observations:
• As expected, the anomalous ﬁeld is very small in-
side continents and oceans, but pronounced in regions
where conductance varies laterally on short scales, es-
pecially at the coasts.
• Largest amplitudes are observed at long east and west
coasts, e.g. the Americas or southern Africa. This re-
ﬂects the geometry of the source (the magnetospheric
ring current).
• An increase of lithosphere resistivity from 300 m to
3000 m leads to an ampliﬁcation of the components
of the anomalous electric ﬁeld by roughly a factor 2 at
coastal sites.
• The penetration width of the anomalous ﬁeld is also
governed by lithosphere resistivity. Dependent on the
site, massive enhancements are observed up to 400 km
inland in the case of a 300 m lithosphere and up
to 600 km inland in the more resistive case (Fig. 8;
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note that 1◦ of longitude corresponds to 100 km in the
proﬁle through Australia and to 85 km in the proﬁle
through North America).
• In latitude-parallel proﬁles through continents, the
anomalous Eϕ exhibits an axial symmetry, while the
anomalous Eϑ is anti-symmetric. This observation
conﬁrms previous results by Kuvshinov et al. (1999)
obtained in simpliﬁed conceptual models. Note that
there is no enhancement of Eϑ at the Australian west
coast for the chosen moment, cf. Fig. 8.
Our results stress the need of 3-D modelling in an envi-
ronment with large lateral variations in conductivity. The
ampliﬁcations observed at coasts are at least on the same
level as the maximum amplitudes obtained in 1-D models.
As previously shown in Fig. 4, using a 1-D model might re-
sults in an underestimation of the peak amplitudes of the
geoelectric ﬁeld during a geomagnetic storm by a factor
2–3 at coastal sites. Due to the high temporal variability
of the geoelectric ﬁeld, coastal enhancements vary signiﬁ-
cantly during a geomagnetic storm.
4. Discussion and Conclusions
4.1 Summary
We have presented a numerical scheme for a time do-
main estimation of the global electric ﬁeld induced by a
geomagnetic storm with realistic spatio-temporal structure,
derived from measurements of the horizontal component of
the magnetic ﬁeld at worldwide distributed observatories.
A conductivity model of Earth’s interior with a realistic lat-
erally heterogeneous surface layer representing oceans and
continents was used.
The results could be obtained within a few hours, if the
observatory data were available and pre-processed (edited,
checked for consistency etc.). It is noteworthy that this es-
timate does not depend on the complexity and resolution of
the 3-D conductivity model, since the responses for induc-
tion in a given 3-D model by elementary sources (in case
of a geomagnetic storm described by spherical harmonics)
can be calculated beforehand and archived. To obtain the
geoelectric ﬁeld for a speciﬁc storm, it is just necessary to
reconstruct the spatio-temporal form of the external source
responsible for this storm and to convolve the source ﬁeld
with the precomputed 3-D responses. We believe that our
numerical scheme would be a useful tool to estimate quanti-
tatively the space weather hazard associated with excessive
GIC arising in ground-based conductor networks (such as
power lines) during major geomagnetic storms.
4.2 Effect of oceans and lithosphere
Model studies based on our numerical scheme revealed
substantial differences between the electric ﬁelds generated
in 3-D and 1-D models, even if the 1-D model makes use
of the local vertical conductivity structure. As expected, the
differences are mainly marked at the coasts. The anomalous
electric ﬁeld, computed as difference between the electric
ﬁelds obtained in 3-D and 1-D models, can penetrate up to
more than 500 km inland (depending on the site and the
local conductivity structure). Anomalous amplitudes are at
least as large as the amplitudes calculated in a 1-D model.
Peak amplitudes of a geomagnetic storm at coastal sites are
hence underestimated by a factor 2–3 when using a 1-D
model. The 3-D modelling results state that coastal areas
are in danger of experiencing electric ﬁeld amplitudes of
up to 200 mV/km during a typical magnetic storm. Long
east and west coasts like the Americas, southern Africa or
Australia and narrow land bridges like Panama seem to be
especially endangered.
The resistivity of the lithosphere is a critical parameter
when estimating amplitudes of the electric ﬁeld. Resistivi-
ties of 300 m and 3000 m, representing realistic bound-
ary values for Earth’s lithosphere, were tested in this study.
Lithosphere resistivity mainly affects the electric ﬁeld at
coastal sites. The amplitudes of the anomalous electric
ﬁeld were doubled in the model with a lithosphere of 3000
m, and the “coastal region”, in which the anomalous ﬁeld
shows enhanced amplitudes, was signiﬁcantly wider. The
inﬂuences of the conductivity distribution at greater depths
and the precise stratiﬁcation within the lithosphere on the
results were minor in comparison with the integrated litho-
sphere resistivity.
According to our modelling results, a precise estimate of
the lithosphere resistivity in the region of interest is cru-
cial in order to obtain a trustworthy estimate of the actual
electric ﬁeld. In this study, we considered a model with
a lithosphere of laterally uniform thickness and resistivity.
While the chosen lithosphere thickness of 100 km agrees
with the global average, it is well-known that lithosphere
thickness is very variable on Earth and ranges from few km
at mid-ocean ridges to several 100 km below old continen-
tal shields. The choice of a laterally uniform lithosphere
is thus a limitation of our work; it was however necessary,
since thickness and resistivity of the lithosphere are poorly
resolved on a global scale. We want to stress in this con-
text that the numerical solution discussed in this paper is
fully 3-D and thus can readily adopt models with a laterally
variable lithosphere once reliable information about such
variability is available.
4.3 Estimates of the electric ﬁeld at polar latitudes
In this paper, we discussed the geoelectric ﬁeld induced
by a large-scale magnetospheric source that dominates in
mid-latitudes. However, it is well known that one can ex-
pect larger signals in polar regions due to substorm geo-
magnetic disturbances (Pirjola and Viljanen, 1994). The re-
covery of the spatio-temporal structure of the auroral iono-
spheric source, which is responsible for this activity, is more
challenging due to the large variability of the auroral source
both in time and space.
One of the ways to determine realistic auroral currents
on a semi-global scale (in the whole polar cap) consists of
collecting the data from high-latitude geomagnetic obser-
vatories and polar magnetometer arrays (e.g. IMAGE and
MIRACLE arrays in Scandinavia, DTU and MAGIC arrays
in Greenland, CARISMA array in Canada etc.) and then
reconstructing the auroral current, for example by exploit-
ing an approach based on elementary current systems (e.g.
Amm, 2001; Sun and Egbert, 2012). Note that this ap-
proach was used by Pulkkinen and Engels (2005), who anal-
ysed the inﬂuence of 3-D induction effects on ionospheric
currents during geomagnetic substorms.
Once the auroral source is quantiﬁed, a similar numeri-
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cal scheme as described above, however with two modiﬁ-
cations, can be implemented in order to calculate the geo-
electric ﬁeld caused by a geomagnetic substorm. One mod-
iﬁcation concerns the description of the substorm source—
instead of using a spherical harmonics representation, one
can mimic the auroral ionospheric current by elementary
current systems. Another modiﬁcation applies to the 3-D
conductivity model. Since substorm magnetic variations are
characterized by periods between a few tens of seconds and
tens of minutes, one cannot exploit a model in which the
surface layer is approximated by a thin shell, as it was done
in this paper. The variable thickness of this layer is im-
portant in this period range, thus a full 3-D model (includ-
ing bathymetry) should be considered. However, as men-
tioned in Section 4.1, the complexity and resolution of the
3-D conductivity model has no effect on the computational
cost of the source modelling for a speciﬁc substorm. As in
the case of a large-scale geomagnetic storm, a model of the
electric ﬁeld due to a speciﬁc substorm for the whole po-
lar cap could be obtained within a few hours when using a
standard workstation for computations. Note again that this
estimate does not account for the efforts of collecting and
pre-processing the data and for the 3-D calculations of the
magnetic ﬁeld due to elementary sources.
Semi-global estimates of the geoelectric ﬁeld induced by
a realistic geomagnetic substorm in a realistic 3-D conduc-
tivity model accounting for bathymetry and non-uniform
lithosphere will be the subject of a subsequent publication.
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